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Abstract 
There is a growing need for cheaper, more sustainable energy sources and this calls for optimisation of energy harnessing 
systems. Offshore wind energy has been highlighted as one of the more promising energy sources and in this application, the 
foundation structure for a typical installation contributes significantly to the overall levelised cost of energy. With this in mind, a 
faceted monopile foundation design and the review of its critical evaluation is presented. This type of design lends itself well to 
mass production and upscaling, both factors seen to reduce the overall cost of gathered energy. The evaluation of the design is 
performed through comparison with a conventional, circular monopile design. The comparison is undertaken using conventional 
design criteria as outlined by the DNV standards body. A finite element model was used to evaluate the structural performance of 
the designs. It is shown that the faceted design has a higher fatigue resilience than the conventional round design. Also, the 
fatigue damage caused to the monopile during pile driving installation is estimated from the conducted scaled down test where a 
series of strain gauge signals were collected to allow for stress measurement at specific points of interest. The feasibility of the 
proposed faceted monopile design is supported based on this critical evaluation. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
The growing pursuit of renewable energy sources poses many technical challenges. The main goal of 
optimisation in this sector is to reduce the ‘levelised cost of energy’ (LCOE) so that it becomes competitive with the 
LCOE produced by conventional fossil-fired plants. Another technical goal is to facilitate the industrial development 
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of other countries with rising energy demands. Mass production of energy harnessing systems can achieve this and 
hence, renewable energy could become the backbone of developing countries’ industry and pave the way for the 
future [1]. 
Harnessing wind energy is thought of as one of the most promising renewable energy sources and in recent years 
there has been a drive towards offshore wind as a result of the consistent levels of available energy and the 
additional attraction of keeping the turbines out of sight [1]. This paper therefore focuses on an aspect of wind 
turbine technology particularly applicable to offshore wind turbines.  
The wind turbine foundation has been identified as one of the major contributors to the overall cost of offshore 
wind turbine systems. The total cost of the foundation can be as high as 21% of the total cost of offshore wind-
power production [2]. A monopile foundation is the most common, lowest cost foundation structure for offshore 
wind farms, but it is generally limited to relatively shallow water depths of ≤ 40m. Due to the simplicity of 
fabrication and installation, when compared to other types of structures, monopile foundations are a strong 
contender even for deeper waters. Larger diameter monopoles, however, present extra problems requiring larger 
driving equipment and leading to more significant wave loading on the foundation [3]. 
In this paper an alternative faceted monopile foundation design is discussed. One manufacturing advantage of 
this design is the elimination of a rolling process that requires manual operation of highly skilled personnel. 
Elimination of the rolling process will benefit manufacturing automisation and help facilitate larger volume 
production. 
Due to the tubular nature of the faceted monopile design, benefits from this study can be applied to other 
foundation structures which use tubular sections e.g. large diameter. Cost reduction is also available for other 
offshore industries as some support structures can be generic.  
The evaluation of the novel monopile design has been performed through a comparative study with a typical 
conventional monopile design. The comparison is undertaken using conventional design criteria as outlined by the 
DNV standards body. A critical discussion resulting from this comparison is provided.  
Due to the geometrical configuration of the novel monopile design it was felt prudent to investigate the effects of 
a typical piling installation by simulating the stall conditions. Various strain gauge measurements were taken from 
which the stresses on the structure were inferred. From these stresses, the approximate fatigue damage produced 
during the installation procedure is quantified. A brief summary of the piling test is presented in this paper and a 
more detailed presentation will be published in a future article. Techniques developed for this test can also be used 
to monitor the condition of the foundation structure during the lifetime of the wind turbine which fits with the 
increased drive for condition monitoring methods that can forewarn issues and reduce maintenance and repair costs 
[4]. 
2. Faceted monopile design 
Conventional monopile design is a cylindrical pipe like structure. Steel plates are rolled and longitudinally 
welded into cans. The cans are then stacked and circumferentially welded to make up the conventional monopile. 
The thickness of plate can be varied from section to section in proportion with the stressing at specific locations. 
Some of the more costly designs also include conical sections to assist joining of the wind turbine to the foundation. 
In order to produce a conventional monopile, plates of around 100mm thickness and larger, weighing around 30 
tonnes each, have to be rolled (typical 3.6MW turbine foundation). Rolling operation plant and initial factory set up 
is expensive. Also, personnel performing accurate rolling need to be trained to a high level of expertise. The 
thickness of plate that can be rolled and also the diameter of the cans that can be produced, is limited.  The proposed 
faceted design has been developed with a view to completely eliminating the rolling process and facilitating mass 
production and upscaling.  Both these factors lower the wind LCOE. For a faceted monopole design, slender flat 
plates are welded longitudinally to form sections of polygonal cross section. These sections are then 
circumferentially welded into a faceted monopile. Conventional and faceted monopile designs are shown in Fig. 1. 
(a). 
387 G. Koulin et al. /  Procedia Engineering  114 ( 2015 )  385 – 392 
 
 
Similarly to conventional, the faceted design allows for varying plate thickness to be used. Fabrication of conical 
sections can also be produced. All of the welds are performed on planar surfaces, unlike the conventional design 
which requires circumferential welds to be performed on a cylindrical surface. Linear welds can easily be adapted 
for automised welding techniques and would aid the mass production of the monopiles. 
The distance between circumferential welds in the multifaceted design can be greatly increased when compared 
to the conventional design. Fatigue damage to these welds can be reduced since these can be positioned further away 
from highly stressed areas. 
3. Comparison with conventional monopile design 
In order to investigate the performance of the faceted monopile design and hence its feasibility for large scale 
implementation, a comparison study was performed against the reference conventional monopile design. The 
reference design is a round monopile design based on Round 3 Areas of UK waters. Soil and weather conditions 
typical to these areas are used; see Table 1 for soil parameters. Foundations are considered for a typical 3.6MW 
turbine. A schematic diagram of the overall system is shown in Fig. 1. (b). 
 
Table 1. Soil parameters. 
Material Depth below MWL (m) Unit weight (kN/m3) Shear strength (kPa) Angle of friction (deg) 
Superficial sand < 0.5 17 - 28 
Very stiff clay < 40 19 150 - 
 
a b 
Fig. 1. (a) conventional and faceted monopile designs; (b) reference foundation design. 
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Fig. 2. Faceted monopile loading directions. 
a 
b 
Standard practice of offshore wind turbine foundation design was followed. The design criteria are defined by 
three limit states: Ultimate Limit State (ULS), Fatigue Limit State (FLS) and Service Limit State (SLS). Accidental 
Limit State (ALS) is not considered in this paper. The relevant DNV standard [5] outlines the design criteria which 
is summarised in Table 2. Any feasible designs must therefore be within these limits.  
 
 
Limit State Criteria Limit 
ULS Maximum stress < weld material yield / 1.25  (weld strength) 
ULS Buckling factor > 3 
FLS Fatigue damage < 100% 
SLS Natural frequency 0.275 – 0.310 Hz 
SLS Deflection at seabed < 0.5o 
 
Pile-soil interaction is modelled through the use of p-y sprigs to 
support the pile laterally and t-z springs to support the pile vertically. 
The force-deflection curves for the springs were developed in 
accordance with the relevant DNV standard [5]. It is however 
noteworthy that the generalised p-y method has been developed for a 
relatively small diameter (< ~2m). The effect of larger diameters has 
been previously investigated [6], but these findings are not included in 
the scope of this work. 
A ten sided cross section was investigated, but potentially any 
number of sides may be used. The choice of the number of sides may be 
dictated by available plate size, jigging complexity, etc. The geometric 
parameters of the reference and faceted monopiles are shown in Table 3. 
It should be noted that the faceted diameter values quoted refer to the 
circumscribed diameter of the monopile (see Fig. 2).  
A ten sided cross section has two principal symmetry planes and hence two unique loading directions. These 
directions are identified by letters a and b in Figure 2. The finite element package ANSYS was used to analyse the 
designs. The pile-soil interaction under loading usual for a 3.6MW wind turbine was simulated (see Fig. 3) and the 
results are shown in Table 4. 
 
Table 4. Design analysis results 
Design ULS Stress [MPa] 
Buckling 
factor 
SLS natural 
frequency [Hz] 
SLS deflection 
[deg] 
FLS damage 
circumferential 
weld 
FLS damage 
longitudinal weld 
Reference 121.4 25 0.293 0.23 75.7% 32.4% 
Faceted a 
direction 120.5 22 0.293 0.22 40.2% 42.3% 
Faceted b 
direction 127.8 21 0.293 0.26 48.6% 57.7% 
 
Design Diameter [m] 
Wall thickness 
[mm] 
Length 
[m] 
Reference 6.5 90 57 
Faceted 6.5 100 57 
Table 3. Design dimensions.Table 2. Design criteria. 
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Loading direction b is more adverse. The projected area in the b direction is smaller than a, hence there is less 
soil support and therefore this results in more bending and higher stresses. The ULS maximum stressing is ~ 5% 
larger in the faceted monopile yet is still within the acceptable limits of yield stresses of typical structural steels [7]. 
Buckling of either of the monopiles is not an issue. The natural frequencies of both structures is the same because 
the bending stiffness of the multifaceted monopile is closely matched to the reference design. A similar bending 
stiffness also results in comparative SLS deflections at seabed. 
The circumferential welds, which lie perpendicular to the maximum principal stress in the monopile structure and 
are therefore prone to suffering most damage, can be effectively positioned away from areas of concentrated stress. 
The areas of highest stress are generally slightly below the seabed, but can vary with soil properties and loading 
conditions. The effect of weld positioning is seen in the damage produced in the circumferential welds. As 
compared to the reference design, the fatigue damage in the circumferential weld of faceted design is significantly 
smaller. 
4. Pile Driving Test 
Installation of the monopile is an important aspect of the operation. Usually the monopile is driven into the soil 
by a pile driving hammer. These are drop-weight hammers with occasional pneumatic or combustion assistance, 
depending on the hammer design and the desired blow energy. A typical monopile installation requires in the region 
 
 
 
Nonlinear vertical t-z 
springs 
Nonlinear lateral p-y 
springs 
Fig. 3. Pile-soil model. 
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of 2000 blows of varying energy per blow. The energy per blow is controlled in relation to the soil conditions. It has 
been proposed that significant fatigue damage can be caused to the monopile during the driving procedure. 
The performance of the faceted monopile design during the piling installation was investigated. A scaled down 
test was conducted to compare the performance of a conventional round with that of a faceted monopile design. 
A scaled down test piece was manufactured to be used in the piling simulation test. The proportions of cross 
sectional geometry were kept similar to that of the faceted monopile design discussed previously.  The summary of 
the scaling is shown in Table 5. 
Table 5. Test piece scaling. 
Monopile Circumscribed diameter [mm] Thickness [mm] Area [mm
2] Scale on diameter Scale on area 
Full scale design 6500 104 2041700 
5.2 26.7 
Test piece 1258 20 76420 
 
A piling trial was performed at BSP hammer testing ground. The faceted test piece was welded on top of a round 
pile. This ensured that the loads seen by the test piece would also be seen by the reference round pile. A BSP CXL 
140 hammer was used to provide the driving blows to the monopile. The test setup is shown in Fig. 5. 
The piling trial conditions were scaled based on a typical full scale driving energy history. The overall test was 
performed at stall, meaning that the blows delivered did not drive the monopile to any significant depth. The 
frictional forces between the embedded reference pile and the soil, were great enough to resist the driving blows. A 
number of scaling factors and assumptions were made to arrive at the results presented in this paper. 
In order to measure the stresses induced in the material during the test, a number of strain gauges were installed. 
Rectangular strain gauge rosettes were used, in order to provide information about not only the magnitudes of 
stresses but also their direction (see Fig. 4). Each rosette contains 3 active strain gauges and a total of 16 rosettes 
were installed onto the test piece with a further 4 installed onto the reference pile. Therefore 60 strain gauge 
channels were recorded during the piling trial. An example of gathered data is shown in Fig. 6.  
Due to the scaling of the hammer blow energy with the geometrical scaling, the stresses were able to be directly 
correlated to the stresses expected in the full scale monopile. The number of stress cycles was extended to the full 
installation procedure and after significant data analysis, which is not in the scope of this paper, an estimate of the 
fatigue damage was quantified. Fatigue damage caused to two types of weld was quantified in accordance with the 
relevant DNV standard [8] and comparison was made between conventional and faceted designs.  The results of this 
analysis is presented in Table 6. 
The fatigue damage dealt to the faceted design is generally about three times larger than that of the reference, 
round design. This increase was to be expected due to the discontinuity in the faceted geometry as compared to the 
continuous round geometry. The estimated fatigue damage due to the piling installation is shown to be a significant 
part of the total weld fatigue life.  
 
Fig. 4. Wired rectangular rosette. 
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Table 6. Fatigue damage due to installation. 
 
 
 
Fig. 6. Example impact traces. 
 
5. Conclusion 
A faceted monopile design has been described in this 
paper. The removal of the rolling process from the overall 
supply chain of the wind energy harnessing systems can have 
a significant reduction of the overall LCOE. Also this type of 
monopile fabrication would lend itself to automisation and 
upscaling, therefore helping to achieve the future world 
energy goals. 
 
Weld type Design Maximum fatigue damage 
Increase in 
fatigue damage 
as compared to 
conventional 
design 
Longitudinal 
weld 
Conventional  1.34 % 
3.07 
Faceted  4.11 % 
Circumferential 
girth weld 
Conventional  2.27 % 
3.06 
Faceted 6.94 % 
BSP CXL 140 
Hammer 
Test Piece 
Reference 
Round Pile 
Cap  
Fig. 5. Pile driving test layout. 
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A faceted monopile design was critically evaluated against a conventional monopile design. Typical design 
criteria used for monopile designs was followed to evaluate the comparison. It has been shown that the stresses 
induced in the faceted section are slightly larger (+ ~ 5%) than in the circular section. The natural frequency, 
deflection at seabed and buckling factor are similar and within the design criteria.  
The fatigue damage produced during the service life of the two monopile designs is within the design criteria. 
The circumferential weld damage of the multifaceted monopile is significantly smaller than that of the reference 
monopile. The advantage of the faceted design is that the circumferential welds can be positioned further away from 
highly stressed areas. 
A pile driving test was conducted to estimate the fatigue damage caused during the installation procedure. The 
fatigue damage caused during installation to the faceted section is 3 times larger than that to the circular section. 
However, fatigue damage levels are relatively low when compared to the damage caused during the rest of the 
service life. It should be noted though, that the fatigue damage incurred during installation is not negligible.  
The comparison has highlighted advantages and disadvantages of the faceted over the conventional monopile 
design. Overall, the faceted design has been proven as a feasible candidate for improved optimisation of the wind 
turbine monopile foundation. Other types of wind turbine foundations or offshore structures which make use of 
tubular sections can also benefit from this investigation. Tubular members of jacket structures or the very large 
diameter suction buckets could, for example, consider the utilisation of a faceted design. Mass production and 
upscaling is possible with this type of design by standardising fabrication facilities, jigging and tooling in order to 
promote the mass production of varying sizes of multifaceted tubular sections. 
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